The rDNAs of 125 isolates of the haploid, heterothallic, cactophilic yeast Clavispora opuntiae collected worldwide were mapped with 12 restriction endonucleases. Thirty distinct repetypes were identified, and, with the exception of a single strain which had a unique restriction site in its large subunit coding region, the variation was confined to the intergenic spacer. The majority of the restriction sites were randomly assorted with respect to the mating-type alleles, indicating that sexual exchange within that facultatively outbreeding yeast species has been significant over evolutionary time. The restriction sites were also generally free of associations among one another, suggesting that rDNA homogenization has been intense and has favored the fixation of recombinant repetypes. Occasional associations or exclusions among sites or between sites and the mating types were attributed either to sampling bias or to recent introductions, in which the effects of random mating are overshadowed by founder effects. One intergenic spacer repetype was broadly dominant in yeasts isolated from cacti with a recent history of deliberate infestation with the moth Cactoblastis cactorum for biological control purposes. Human activity can thus be held accountable for a worldwide redistribution of yeast genotypes in this case.
Introduction
The yeast species Clavispora opuntiae is a widespread member of the very specific yeast flora of decaying cactus tissue ). It occurs mostly in the prickly pear cactus, Opuntia (Starmer and Phaff 1983) , and at a lower frequency in other cacti . Its dispersal among cacti is linked not only to Drosophila species, as for most cactophilic yeasts (Barker and Starmer 1982) , but also to Cactoblastis cactorum, a moth that has been used for the biological control of prickly pear worldwide (McFadyen 1985) . Unlike most other cactophilic yeasts, Cl. opuntiae is haploid and heterothallic, and its mating compatibility is determined by two alleles of a single locus (Eachance et al. 1986; Phaff et al. 1986 ).
Ribosomal DNA (rDNA) restriction analyses have provided much insight into the evolutionary biology of various organisms (Williams et al. 1985; Flavell et al. 1986; Hillis and Davis 1986; Suzuki et al. 1987; Dallas et al. 1988) . Restriction maps of rDNA have given a clear picture of the discontinuity between CZ. opuntiae and its more cosmopolitan sister species, CZ. lusitaniae (Lachance et al. 1986 ). The purpose I-DNA in the Yeast Clavispora opuntiae 179 of the present study was to explore the significance of rDNA variation in a worldwide collection of Cl. opuntiae isolates, to see whether the patterns are indicative of biogeographic, ecological, or microevolutionary aspects of that yeast.
Interpretation of rDNA divergence patterns is complicated by their repeated nature. Tandemly repeated gene families are thought to undergo extensive homogenization (Dover 1982; Williams et al. 1985) , such that Mendelian patterns of inheritance are usually observed among whole gene clusters (Petes and Botstein 1977; SaghaiMaroof et al. 1984) but not so much within single repeating units. The homogenization of rDNA repeats is poorly understood, and its impact on the use of rDNA for phylogenetic inference is controversial (Petes 1979; Szostak and Wu 1980; Hillis and Davis 1988; Williams et al. 1988) . In the present paper, evidence is presented that the inheritance of individual rDNA restriction sites in CZ. opuntiae populations follows a pattern consistent with a history of genetic recombination among unlinked gene loci.
Material and Methods

Microorganisms
The origins and mating types of the yeasts used in this study are given in the Appendix. Isolation of Clavispora opuntiae and determination of the mating types were as outlined by Lachance et al. (1986 Lachance et al. ( , 1988 .
Extraction of DNA and Restriction Mapping
Total genome DNA was extracted as specified by Lachance et al. (1985) , except for the most recent isolations, where spheroplasts were prepared with the lytic preparation Mureinase (United States Biochemical Corp., Cleveland), in sorbitol-ethylenediaminetetraacetate solution at pH 5.8. Total genomic DNA was treated with 12 restriction endonucleases, singly or in pairs, as recommended by their various manufacturers. The enzymes were ApaI (GGGCC/C), BamHI (G/GATCC), BgZII (A/ GATCT), EcoRI (G/AATTC), Hind111 (A/AGCTT), KpnI (GG/TACC), Sac1 (GAGCT/C), Sal1 (G/TCGAC), ScaI (AGT/ACT), SmaI (CCC/GGG), XbaI (T/ CTAGA), and XhoI (C/TCGAG). Restriction digests were subjected to electrophoresis in OS%-1.5% agarose gels, as appropriate, and visualized with ethidium bromide in ultraviolet light according to common methods. In CZ. opuntiae, rDNA is the only major reiterated DNA in its size class, representing 7%-8% of the total DNA (Lachance et al. 1985) , allowing its clear visualization by nonselective staining of restriction digests of total genomic DNA.
Data Analysis
Contingency analyses followed the recommendations of Cochran ( 1954) . Character compatibility analysis was as detailed by Meacham (198 1) . Levels and standard errors (SEs) of nucleotide polymorphism were estimated using the formulas derived by Engels (198 1) . Cladistic analysis was performed according to the Camin-Sokal parsimony method, with Pascal program MIX of package PHYLIP (2.8), provided by Dr. Joe Felsenstein, Department of Genetics, University of Washington, Seattle. Initial runs allowed the determination of mutual polarities of characters, after which rooted trees were obtained by specifying which states should be considered ancestral. Cladograms were then refined so as to minimize unlikely convergent events, following the guidelines put forward by Templeton (1983) . 
Results
Restriction Maps and Structure of Clavispora opuntiae rDNA Figure 1 shows a composite map of the rDNA repeating unit for 125 CZ. opuntitie strains (see the Appendix). KpnI sites were absent. Among the 13 constant sites, the two XbaI sites, one ApaI site ( 1 .O kb), the Sac1 site, the two EcoRI sites, and the BgZII site are conserved in several other yeast species, including S'accharomyces cerevisiae 
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DNA in the Yeast Clavispora opuntiae 183 and most species of Khyverumyces (Lachance 1989) . Thus, the position of the larger ribosomal coding regions as shown in figure 1 could be deduced by inference from the detailed studies of Verbeet et al. (1984) on KZ. Zactis. The hypervariable region corresponds to the intergenic spacer (IGS; also called "nontranscribed" spacer, or NTS). The ApaI site located at 4.6 kb was the only one of 15 variable sites to be located in a coding region and was found uniquely in one strain (W83.7 18.1). To this date, attempts to show the presence of a 5s rRNA coding region in the IGS, as is the case in several yeasts (e.g., see Verbeet et al. 1984) , have not been successful. To my knowledge, the CZ. opuntiae rDNA repeat length of 7.6 kb is the shortest yet reported in yeasts.
The designation "Lht" in figure 1 represents length heterogeneities detected by the presence of double bands in agarose gels when suitable restriction endonuclease digestions were performed. The map positions of the heterogeneities were located, using double digests, between 5.6 and 6.5 kb in strain W83.1074.1 (Cayman Islands), between 5.8 and 6.6 kb in strain S84.526.1, and at 6.4 kb in strains D86.6.2 and D86.7.3 (Hawaii). The double fragments differed in size by 50-100 bp. Since visualization by ethidium bromide fluorescence only allows the detection of major rDNA variants, heterogeneity in CZ. opuntiae may be more extensive. IGS length heterogeneity is commonplace in many organisms but absent in others [see Ellis et al. (1984) for a list of references].
Cladistic Analysis
A hypothetical phylogeny of the variable portions of the rDNA restriction maps is presented in figure 2. Initial analyses indicated that Xss (XhoI at 5.8 kb), Lb6 (Sal1 at 6.6 kb), ET1 (EcoRI at 7.1 kb), and MT6 (SmaI at 7.6 kb) had the same polarity. Because of the very wide geographic distribution of EY1 and MT6 (table l), these and, by extension, the other two sites were deemed ancestral and treated as such in subsequent steps of the analysis.
Compatibility analysis ( fig. 3 ) was used to identify sites which had the potential to require multiple steps in the construction of a cladogram. The cladogram in figure 2 minimizes, among multiple steps, those which represent convergent events regarded as least likely according to Templeton's ( 1983) criteria. Among the sites showing some mutual incompatibilities (those in the bottom right-hand part of the matrix in fig. 3 ), Ls9 (Sal1 at 5.9 kb) and Ce (Sac1 at 7.6 kb) were the most suitable to be incorporated into the "largest clique" of compatible characters-those which do not require multiple steps (Meacham 198 1) . In the first instance, Ls9 was treated as synapomorphic partly because it is found nearly exclusively in strains from a single locality (Hawaii; fig. 1 (Templeton 1983) . It is quite remarkable that Ab5 (ApaI at 6.5 kb), a presumed apomorphic site found in nearly half of the different repetypes, only required a single gain-loss to fit the cladogram coherently, in contrast with the loss-gain and convergent gain steps required for X58, L66, and LEO.
Biogeography of IGS Repetypes
The 30 different rDNA repetypes identified in CZ. opuntiae followed certain geographic patterns, as shown in table 1. Numerous strains are characterized by the very common repetype, A65E71M76, as well as by others which have A65. While these pre-\ 
' N is the number of different mpetypes in which each site appears. See text for restriction-site abbreviations.
rDNA in the Yeast Clavispora opuntiae 185 or Drosophila (as opposed to somatic plant tissue) as isolation substrates. Although those samples were from such diverse localities as the Bahamas, Jamaica, and Arizona, a certain amount of bias might be a factor here, in view of the high sampling intensity for the Bahamas and Arizona-the seven Arizona isolates were from flies collected near the same plant.
The taxonomic position of the host plants had no bearing on restriction-site distribution, as revealed by analyzing data contrasting isolates from Opuntia and nonOpuntia hosts (analysis not shown). Table 5 lists the results of contingency analyses among the most abundant IGS restriction sites. Only one-third of the pairings exhibited significant covariation. To see whether genetic linkage might explain some of the covariant patterns, significant associations or exclusions were ranked as a function of the map distance between sites, as shown in table 6. Clearly, the linkages detected at the population level cannot be considered to correspond to chromosomal linkages. Associations between Mating Types and Restriction Sites
Associations between Sites
In CZ. opuntiae, the mating type is an unambiguous example of a natural trait resulting from the expression of two alleles at a single locus. The h+:h-ratio of 7252 (table 1) does not significantly (cc = 0.05) depart from the expected 1: 1 ratio. As shown in table 7, restriction sites X58 and La exhibited significant associations with the hmating allele, but others exhibited independent segregations from the mating types.
Discussion
Like all other ascosporogenous yeasts, and perhaps more than most, Clavispora opuntiae has the potential to proliferate indefinitely without recourse to sexual interaction. Its sexuality is confined to situations where two complementary strains are mixed together. In cactus tissue, yeasts probably grow in patches and not as random mixtures of cells. Juxtaposition is therefore predicated on vectoring. The moth Cactoblastis cactorum probably acts as either the primary vector or the principal habitat (or both) of CZ. opuntiae ), but the yeast may also multiply in cactus tissue and be vectored by cactophilic Drosophila (see the Appendix). It is thus difficult to conceptualize how CZ. opuntiae might fit conventional models of interbreeding populations, and, for those reasons, it was hoped that rDNA restriction maps might provide valuable insights into the evolutionary history of the species.
Sexual recombination appears to prevail in natural populations of CZ. opuntiae. Consistent with that view is the observation that the overall mating-type distribution does not deviate significantly from the 1: 1 expectation. Meiotic events should maintain a balanced mating-type ratio in small sexually active populations. The uniformity of the mating-type distribution across populations depends on the intensity with which strains are moved around by vectors and on how long the populations have been established locally. Small populations devoid of frequent mating would have patterns accountable to founder effects, possibly compounded by drift, and in some cases leading to the fixation of one mating type, rendering the population locally asexual. In some local populations of CZ. opuntiae (table l) , inequalities exist, suggesting that mating events are not very frequent. The most extreme example of local near-fixation of a mating type is the 156:5 ratio found for h+:h-in extensive collections of CZ. opuntiae from Australia that were reported by Phaff et al. (1986) . The joint distribution of mating types and restriction sites (table 7) also supports the idea of a long-term history of random mating at the global level, with some exceptions. The apparent linkage between h-and Xs8 cannot be dismissed as the result of sampling bias, because, although it is accounted for mostly by isolates from a single locality (Kamuela, Hawaii Island), it is represented by three different repetypes. The association between h-and Lb0 is not clear either.
If sexual recombination were rare in nature, then CZ. opuntiae populations would be made up of genetically independent individuals evolving in a strictly divergent fashion at the level of presumably neutral traits. An analogous hypothesis was examined by Miller and Hart1 (1986) , who succeeded in sorting several biotypes of Escherichia coli into groups defined on the basis of different, independent phenotype categories. The mutual concordance of the separate classifications was taken as evidence that E. coli evolves to some extent in a clonal fashion, even though it is capable of sexual exchange. If extensive homoplasy or misinterpretation of character polarity may be excluded, and if CZ. opuntiae had evolved strictly asexually, it would be possible to place its 30 rDNA repetypes at the extremities of a strictly divergent cladogram depicting the phylogeny of IGS restriction sites. It is not.
Apparent linkage turned out to be the exception rather than the rule when the joint distributions of the restriction sites themselves were examined (table 5), suggesting that recombination events may have taken place within the IGS. This is consistent with the fact that character compatibility was restricted to unique sites ( fig. 3) , where it is trivial because unique characters are always compatible with one another. The more informative, nonunique restriction sites were all incompatible to various degrees. A number of these incompatibilities were associated with certain specific repetypessuch as L E C M 66 71 72 76, &&6okiE7~M76, %&6E71M76, &&71M76, XstxA6sE71M76, &&6&6&7 lM76, L6&6&7 lM76, Or &&66E7
1 M76 -which could well be the result of reticulate evolution, i.e., recombination between other repetypes in figure 2. The presence of the nearly unique site L59 in four different repetypes found in over half of the Hawaiian strains is explained better also if intra-IGS recombination is invoked.
Homogenization leading to the fixation of recombinant repetypes appears to be extensive in CZ. opuntiae populations. The fact that physical map proximity had no detectable bearing on possible linkages between sites (table 5) may have to do with the special genetic behavior of tandemly repeated gene clusters. Petes ( 1979) estimated that the recombination frequency of 0.05 events/meiotic cell observed in the rDNA of Saccharomyces cerevisiae is two orders of magnitude less than expected for a "gene" the size of the rDNA cluster ( 140 X 9.1 kb in that case), a result invoking the likelihood of a suppression mechanism. According to Szostak and Wu (1980) , 5.6 X lo4 generations are required for the fixation of a neutral repetype whose initial proportion in the rDNA cluster is one-half. When the same assumptions are used for CZ. opuntiae, where the number of repeats (n) is taken to be 100 (Lachance et al. 1985) , 4.1 X lo4 mitotic generations would be required to fix the new rDNA repeat arising out of a (meiotic) recombination event. However, the probability that a neutral recombinant repetype would be the one to undergo fixation is 0.0 1 (n-l), which would presumably render quite rare the fixation of recombinant IGS repetypes. Saghai-Maroof et al. ( 1984) have shown that fixation of rDNA length variants or, at least, important changes in their frequencies can take place over a relatively small number of generations in barley. They have postulated that selective forces, perhaps directed to another gene, might stimulate homogenization. Such forces may be operating in Cl. opuntiae.
The unexpected geographic distribution of certain restriction sites appears to be the result of human activity. If random assortment of sites is the rule, then sites exhibiting positive or negative associations must be viewed as the consequence of deviations from random mating. The most striking example is the dissociation of Ass from Le6 and CT2. Site Ab5 is best represented in samples from introduced host plants, whereas Le6 and C72 are frequent in samples from native plants. The majority of cactus introductions caused ecological or agricultural catastrophes that were eventually remedied by anthropogenic infestations of weedy cacti with C. cactorum. Successful control began in Australia around 1925 (Dodd 1940 ) with samples originating from Argentina and reared artificially from <3 X lo3 to >2 X lo6 eggs. This provided the conditions required for enrichment of the Cl. opuntiae population in individuals carrying the A65E7iM76 repetype. The success of biological control in Australia with Argentine material, contrasted with several failures with North American moths, prompted the instigators of later control programs in the West Indies to import moths from Australia (McFadyen 1985) . The relative abundance of A65 in the Caribbean, the Bahamas, and possibly also in northern Mexico and the southwest United States might be due to recent introductions, whereas Lb6 and CT2 might be more typical of the indigenous cactus microbiota. According to the above model, the recent introductions of moths to Hawaii must have involved materials from the continental Americas as well as from Australia. The coincidence of CT2 with yeasts isolated from Drosophila and fruit (as opposed to somatic tissue) accordingly may be an indication that a habitat shift has taken place in parts of the resident CZ. opuntiae flora. The presence of Ls9 in four of the eight repetypes uncovered in Hawaiian samples confounds the issue further. Appropriate sampling from Argentine cacti and moths, along with intensified sampling of Hawaiian cacti, would no doubt shed more light on these problems. 
